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Abstmct- The influence of different geometries (layouts) 
and structures of high-speed photodiodes in fully standard 
0.18 pm CMOS technology on their intrinsic (physical) and 
eleetrienl bandwidth is analyzed. Three photodiode atrUC- 
tures are studied: nwell/psubstrate. p+/nwell/paubstrate 
and p+/nwell. The photodiode bandwidths are compared 
for X=650 nm wavelength which is used in today’s DVD OP 
tical pick-ups. Slow substrate current component limits the 
intrinsic bandwidth of nwell/psubstrate and p+/nwell/p 
substrate Dhotodiodes t o  70MHe and 100MHe. resmeetivelv. 
is used in today’s DVD optical pick-ups. The physical 
and electrical bandwidth characteristics for nwell/psubs, 
p+/nwell/psubs and P+/nWell diode are discussed. The 
total bandwidth is hy approximation the lower of these two. 
11, I~~~~~~~~ (PHYSICAL) PHOTODIODE BANDWIDTH 
A ,  ~i~~~~ nuell/psubstmte 
The elefhienl bandwidth of these diodes in combinetion with 
typical transimpedance ampliflsrs, will be larger than the 
calculated intrinsic bandwidth. Thus, the parasitic diode 
capacitance has almost no influence on the total bandwidth 
of both photodiodes. By using only a p+/nwell photodiode 
(not connecting a substrate), the intrinsic diode bandwidth 
is 1 GHe. However, the eleetried bandwidth limitation of 
this diode due to its parasitic capacitance is important and 
can limit the total diode bandwidth which is by approxima- 
tion the lower of the physical and the electrical bandwidth. 
The calculated responsivity of p+/nwell photodiode is 10 dB 
lower than in other two deflned diodes structures, requiring 
higher sensitivity of the subsequent electronic circuitry. 
I. INTRODUCTION 
The motivation to produce high-speed optical detectors 
in fully standard CMOS technology has increased markedly 
as the electronic speed of today’s CMOS circuits is well in 
GHz range. In order to keep the cost of the short-haul 
data system low, monolithically integrated CMOS optical 
detectors are preferred in both data communication [l] and 
optical storage systems (inside pick-up units) [2]. The in- 
tegrated photo diodes avoid the relatively high capacitance 
of discrete photo diodes (device and interconnect) and its 
influence on the bandwidth. 
In the literature, several methods have been imple- 
mented to obtain high-frequency photodetectors in stan- 
dard CMOS. In [3], the spatially modulated light detector, 
which cancels the effect of the slow substrate carriers, is 
introduced. As a tradeoff, the responsivity of the pho- 
todiode is sacrificed. A high-speed finger n+/psubstrate 
CMOS photodiode for optical storage system is presented 
in [5]; here, the photodiode performance for four different 
geometries and one diode structure is discussed based on 
only time-response measurements. 
According to the author’s knowledge, this is a first time 
that the influence of various structures and geometries (lay- 
outs) of CMOS photodiodes on their bandwidth is analyt- 
ically analysed. The analyzed diodes have the same area; 
provides easier comparison of their responsivity. The band- 
widths are compared for X=650nm wavelength light which 
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General intrinsic frequency behavior of standard CMOS 
photodiodes is investigated on a minimal-distance finger 
nwell/psubstrate diode, shown in Fig la .  In high-speed 
communications, finger photodiode with larger distance b e  
tween nwells should not be used since slow lateral diffu- 
sion determines the response of the regions between fingers: 
their overall speed is lower. 
The overall photodiode response is the sum of the drift 
and the diffusion photocurrents inside the diode volume. 
The frequency response of the nwell diffusion current un- 
der impulse light radiation is solved analytically in two- 
dimensions following a procedure similar to that in [3]. 
The surface is assumed to be reflective (the normal com- 
ponent of the gradient of the carrier density is zero) and 
the electron densities on the other three nwell sides are 
assumed to  be zero. However, we solved the substrate cur- 
rent response using a one-dimensional (vertical) diffusion 
equation by taking zero boundary conditions for both elec- 
tron densities at the bottom of the depletion region and at 
some finite substrate depth. The chosen substrate depth 
is L=30 p n  and the assumption made is valid for A< 650 
nm. The response of the substrate current component is 
faster than calculated in [3]. The drift current responses in- 
side depletion regions are taken independent of frequency 
for simplicity reasons since its bandwidth is much larger 
than the bandwidth of diffusion currents. The amount of 
the drift current is directly related to the depletion volume 
where carriers are generated. 
Fig 2. shows the calculated intrinsic (physical) frequency 
responses of the two finger nwell/psnbstrate diodes with 2 
pm and 10 pm nwell sizes, for X=650 nm wavelength. The 
values for the parameters in the analytical expressions were 
directly obtained from the process technology parameters 
for a fully standard 0.18 pm CMOS process. 
A slow substrate current dominates the overall diode re- 
sponse. Generated holes need time to diffuse towards the 
junctions above and limit the substrate current bandwidth 
to 10 MHz. The larger bandwidth of the nwell diffusion 
current is mainly determined by the length of the shortest 
side of the nwell, which further determines the charge gra- 
dient responsible for the diffusion process. For lp=2 pm the 
shortest sides are both lateral and vertical dimensions. The 
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values depend on both the used CMOS technology and the 
input light wavelength. Larger nwell depths result in a 
smaller (slow) substrate current contribution and a larger 
nwell contribution: then the nwell current contribution gets 
more important in the overall response. However, the dif- 
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Fig. I. Three finger photodiode structures in standard CMOS tech- 
nology a) nwell/psubstrate, b) p+/nwell/psubstrate (double phot- 
diode) and c) p+/nwell diode- 
Fig. 2. Calculated amplitude respoane of nwell/psubstrate photodi- 
odes with: 2 pm (solid lines) and 10 p nwell size (dashed lines) for 
X=650 nm 
charge gradient is high and f3dBnur.ll=2 GHz. For l,=10 
pm, the shortest side is the nwell depth and the charge 
gradient is lower than in the previous case, f3dB,weIl=l 
GHz. Thus, the larger the nwell width l,, in comparison 
with its depth 1. (1, > Z L ) ,  the lower its influence on the 
hole diffusion current bandwidth (see Fig 2.). The overall 
maximal intrinsic photodiode bandwidth is 70 MHz and 
the photodiode geometry has almost no influence on it. 
The slow response decay after a -3 dB point is due to the 
combination of three current components in the diode. 
It is important to notice that the calculated bandwidth 
fusion nwell-bandwidth is lower (for the same diode geome 
try) due to the lower charge gradient towards the junctions 
[3]. Lower nwell depths result in a higher nwell-diffusion 
bandwidth while nwell current contribution to the overall 
photocurrent is lower. The low nwell depth will mainly d e  
termine nwell-bandwidth and the diode geometry has neg- 
ligible influence on the overall intrinsic diode bandwidth. 
This is certainly the case for the future CMOS technologies. 
For lower light wavelengths (A <650 nm), the nwell and 
the drift current contributions are larger to the overall pho- 
tocurrent because the carriers are generated closer to the 
diode surface (closer to the junctions). As a result the in- 
trinsic diode bandwidth is increased. The diode geometry, 
determining mainly the extrinsic bandwidth, is now more 
important: the lower the nwell size the higher is the overall 
intrinsic diode bandwidth. 
B. Finger p+/nwell/p-substrate photodiode 
The second diode structure analytically analyzed in this 
paper is a finger p+/nwell/ psubstrate structure (Fig lb). 
The diffusion current responses are again calculated using 
a two-dimensional diffusion equation, given in Ref [4]. For 
the nwell, the boundary conditions for the holes density on 
every nwell side are zero since junctions enclosed it. The 
response of the nwell is given in eq. (l), where a denotes 
light absorption coefficient in silicon and @ is the flux of 
the incident light. For the p+ region, the hole current r e  
sponse is calculated using the nwell response in previously 
analyzed diode and changing diffusion coefficient and dif- 
fusion length as well the depth of the junction. The sub- 
strate current response for both diodes is the same due to 
the same nwell depths. 
The frequency responses of two finger p+/nwell/p 
substrate diodes with 2 pm and 10 pm nwell sizes, for 
k 6 5 0  nm wavelength are shown in Fig 3. This pic- 
ture illustrates that the frequency bandwidths of p+ and 
nwell currents are mainly determined by the low physical 
depth of the junctions (21zl, 21, < l p ) ;  changing nwell and 
p+ widths has almost no effect on the cutoff frequency. 
The bandwidth of the junction-framed nwell current is 
f 3 d ~ ~ ~ ~ 1 l = 5  GHs for lp=2 pm, and GHz for 
lp=10 pm. That is more than twice the nwell bandwidth 
of the nwell/psubs diode because of the lower distances to- 
wards junctions and thus, higher charge gradient leading 
to a faster diffusion process. The current bandwidth of 
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Fig. 3. Calculated amplitude respoase of p+/nweU/psub photodiodes 
w i t h  2 pm (solid lines) and 10 pm nmll size (dashed lines) for A5350 
Fig. 4. Calculated amplitude respoase of p+/nwell photodiodes with 
2 pm (solid Lines) and 10 pm nwell size (dashed lines) far A d 5 0  nm 
nm. 
the p+ region is lower than the nwell current and is about 
3 GHz for all diode geometries. This is expected, since 
its surface is reflective for the carriers that are repelled 
back towards other three p+ sides with junctions; this is 
an extra time they need to start contributing to the overall 
photocurrent. The overall intrinsic photodiode bandwidth 
is 100 MHz, and the photodiode geometry has no influence 
on it (see Fig. 3). 
C. Finger p+/nwell photodiode 
towards psubstrate are repelled back to the top of the nwell 
where they sink into the junction. The diffusion current 
response inside the p+ is the same as in the previously 
discussed photodiode. 
The frequency responses of two finger p+/nwell diodes 
with 2 pm and 10 pm nwell sizes, for X=650 nm are shown 
in Fig 2c. The overall intrinsic photocurrent bandwidth 
is about 2 GHz, meaning that this photodiode structure 
is the fastest among the three, and can he used for high- 
speed optical data transport. However, the sensitivity of 
the subsequent transimpedance amplifier has to be larger 
By exploiting only p+/nwell structure of the photodiode, 
by disconnecting the psubstrate, it is possible to achieve 
than in the case for the other two diode structures, due to 
the lower diode responsivity. 
high physical bandwidth of the photodiode. The respon- 
sivity is however lower than in the other two diode struc- Irl. (ELECTRICAL) PHOTODlODE BANDWIDTH 
tures because the carriers generated inside psubstrate do 
not now contribute the overall photocurrent. For X=650 
nm, the calculated responsivity of this photodiode is 10 
dB lower (see Fig 4). The finger p+/nwell photodiode is 
presented in Fig IC. 
Charge movement inside nwell will be constant in lat- 
eral direction since there is no lateral current towards the 
substrate. Thus, the geometry of the photodiode has no 
influence on nwell diffusion current bandwidth. The nwell 
diffusion response is calculated using onedimensional dif- 
fusion equation. The hole density a t  the top of the nwell 
(below the depletion region towards p+) is taken to be zero 
while the gradient of the holes density at the nwell-bottom 
is zero since there is no current flowing. The current re- 
sponse of the nwell is given in eq. (2). 
The amount of the nwell current contributing the overall 
photocurrent is the same as in p+/nwell/psubs photodiode, 
hut its bandwidth is five times lower: f s ~ ~ ~ ~ l l = l  GHz. 
The decrease in bandwidth is because the carriers moving 
Apart from the intrinsic bandwidth, the in-circuit photc- 
diode bandwidth is also.determined by the extrinsic (elec- 
trical) bandwidth, which is proportional to the diode par- 
asitic capacitance. Table 1. shows calculated values of 
the parasitic capacitances for three different geometries 
of nwell/psuhstrate, p+/nwell/psubstrate and p+/nwell 
photodiodes. The depletion region depths that strongly 
determine diode capacitance are calculated from the pro- 
cess technology parameters. For all discussed finger photc- 
diodes, hy decreasing the diode nwell size (for a constant 
diode area), the parasitic capacitance increases. 
The parasitic capacitance that limits the electrical diode 
bandwidth can have large influence on the total p+/nwell 
diode bandwidth. We already showed that the diode intrin- 
sic bandwidth is in the GHz range. In order to keep the 
total bandwidth high (fur pF diode capacitance), the subse- 
quent transimpedance amplifier (TIA) should he designed 
to have low input impedance (5  50 Q). Two possible sc- 
lutions using common source and common gate amplifiers 
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d i o d e  structure 
nvell/psubstrate 
nvell /psubstrate 
p+/nvell/psubstrate 
p+/nvell/psubstrate 
p+/nvell 
p+/nvell 
8) b) 
Fig. 5. Low input impedance transimpedance amplifiers a) eornmon 
source, b) " m o n  gate amplifier 
nuell size capacitance 
2w 2.42 pF 
low 0.63 pF 
2w 4.63 pF 
low 2.83 pF 
2w 2.61 pF 
low 2.12 pF 
approximately l/gm. where gme = gmlgmzR1. It is clear 
that this amplifier input impedance is much lower provid- 
ing higher electrical bandwidth. However, the disadvantage 
of this T I A  is that the used transresistance R is lower that 
that of the TIA on Fig 5a. Due to a large gain of the two 
amplifier stages, the resistance in a feedback should have 
small value in order to overcome possible circuit instahil- 
ity. Using the p+/nweU photodiode with 3-4 times lower 
responsivity in comparison with the other two photodiode 
structures, in combination with low gain TIA, causes very 
poor sensitivity of the front-end circuit of optical detector. 
Thus, the TIA configuration should be chosen according 
to both the required optical receiver's sensitivity (required 
signal-tcmoise ratio) and the amplifier's bandwidth. 
and p+/nwell/psubstrate) using typical TIA's, the calcu- 
lated electrical bandwidths will be larger than the calcu- 
lated intrinsic diode bandwidths. Thus, the parasitic c- 
pacitance has almost no influence on their total bandwidth. 
IV. CONCLUSION 
Slow substrate current components limit the intrin- 
sic (physical) nwell/psubstrate and p+/nwell/psubstrate 
photodiode bandwidths to 70 MHz and 100 MHz respec- 
tively, for 0.18 pm CMOS technology, and X=650 nm. The 
smaller the diode finger sizes the higher the bandwidths 
of the nwell and the p+ diffusion currents. However, the 
diode geometries have almost no influence on their overall 
intrinsic bandwidth. The electrical photodiode bandwidth 
determined by the parasitic diode capacitances and the in- 
put impedance of the typical TIA's, will be in the GHz 
range and will not limit the total diode bandwidth. 
For deeper nwells (related to the technology), and for 
lower wavelengths ( A 4 5 0  nm), photodiode geometry be- 
comes important because of the smaller contribution of 
slow substrate current. 
For a p+/nwell photodiode (X=650 nm), the intrinsic 
bandwidth is about 2 GHz. While having no influence on 
diode intrinsic bandwidth, the photodiode geometry has 
strong influence on its electrical bandwidth. The minimal 
parasitic capacitance and thus, the highest electrical band- 
width is achieved with maximal nwell size (using single ph- 
todiode). The total bandwidth of the p+/nwell diode can 
be in the GHz range but its responsivity is 10 dB lower than 
in the other two defined photodiodes structures, requiring 
higher sensitivity of the subsequent electronic circuitry. 
The parasitic capacitance of high-speed photodiodes de- 
pends on the diode area and is typically in the pF range (us- 
ing a multimode fiber connection the diode area is 50x50 
pma). In order to achieve high electrical photodiode band- 
width, a low input impedance transimpedance amplifier 
should be used. A short discussion on TIAs was presented. 
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